To describe the evaporation of organic solvents from paints and the resulting indoor concentrations, a mathematical model and an indoor paint experiment are presented. The model describes painting in terms of an increasing area of paint during application and two compartments of paint once applied. Evaporation of organic solvents is driven by the vapor pressure of the organic solvent. The experiment revealed concentrations of n -alkanes in indoor air, during painting, and 3 days thereafter. To compare experimental results to model predictions, model parameters were measured at the start of the experiment. Diffusional exchange between paint compartments and fraction of paint applied to the upper compartment were set by expert judgment. Model predictions and experimental results were in agreement, although the timing of the concentration peak appeared difficult to predict.
Introduction
Consumer products are an important source of volatile organic compounds. When such products are used in small indoor rooms, the air concentrations may rise to high levels. One of the consumer products that is known to contain high levels of volatile compounds is organic-solvent -based paint. Consumers regularly apply paints. Lebret ( 1985 ) found that 2% to 9% of the households used paints during the week that VOCs were monitored in their homes. Weegels ( 1997 ) found in a product -use survey that 9 out of 30 subjects used paint in the past month and that the duration of painting ranged from 3 to 150 min.
The time profile of the air concentration during and after use of the product must be established to assess the exposure to and risks of volatile compounds in consumer products ( Seifert and Ullrich, 1987; van Veen, 1996 ) . These concentrations can be either monitored by measurements or predicted by mechanistic mathematical models. Monitoring the concentrations reveals an accurate picture of a single event. Models yield predicted concentrations with some range of uncertainty, but apply to a range of exposure situations ( e.g., adjusting for different amounts of paint or ventilation volumes) . Therefore, measurements and model predictions should be combined to achieve the most useful information for exposure assessments.
For exposure assessments of paints, validated mechanistic models are needed to predict exposure concentrations. No validated model for painting exists, although evaporation has been modeled by Jayjock (1994) . In order to develop and validate a painting model, we have studied the evaporation of a number of n -alkanes from a paint with white spirit as solvent. n-Alkanes themselves are not very toxic compounds, but they can easily be monitored without special precautions. We will first derive the model for n -alkane concentrations in indoor air, and then compare the model results to measurements from an evaporation experiment. The question is if we can predict the room concentration using model parameters that are either measured or set by expert judgment before the experiment. This procedure mimics the exposure estimation during risk assessment.
Theory
The concentration of a compound in a room is determined by the emission rate from the source and the ventilation of the room ( Figure 1 ) . As the concentration of the infiltrating air will be assumed to be zero, this is not a source term. In the mathematical model presented here no sinks other than the painted surface will be included. Characterization of the organic solvent in the paint by gas chromatography revealed that it was dominated by n-alkanes ranging from n -octane to n-undecane. Because infrared spectrometry, used to monitor n -alkane concentrations in the experiment, could not make a distinction between these n-alkanes in the range from n -octane to n -undecane, the model was set up to reflect the concentration of this range of n -alkanes.
Removal of n-alkane by ventilation is proportional to the ventilation rate Q and the room concentration C room , removing alkane at a rate of QC room (mg / h) from the room. The submodels for the painting process and the evaporation of alkanes are presented below, followed by the full paint -evaporation model.
Painting
Painting involves two distinct processes: ( i) adding paint to a surface, (ii ) drying of paint, where compounds evaporate from paint to indoor air. During the painting, the volume of paint applied and the area in contact with air steadily increase in size. In the model, paint addition rate R paint (g/ min ) is defined as
where t 0 is the time painting starts and t end is the time it ceases. When painting ceases, both the applied volume and area of paint are constant. The painted surface is modeled as a two -compartment system (Figure 1 ), thereby incorporating diffusion of solvents deeper in the paint to the surface, a potentially important rate -limiting process ( Clausen et al., 1993; Dunn and Chen, 1993) , in a simplified way. The upper compartment includes the surface of the paint in contact with air and the lower compartment includes the portion that entered the wooden material. Exchange between the two layers is given by a diffusion -dependent exchange rate R l multiplied by the concentration difference between the two paint compartments. During painting, a fraction f of the paint is applied to the upper and 1À f is applied to the lower paint layer.
Evaporation
Evaporation from the upper compartment of paint is modeled by the back pressure approach advocated by Jayjock (1994 ) , where evaporation rate G (g /min ) is driven by the difference between the equilibrium and the actual vapour pressure of the compound as
where the rate constant K is defined as (Tibodeaux, 1979; Jayjock, 1994 )
where M alk is the n-alkane molecular weight (g /mol ), A is the painted area ( m 2 ) and T air is the air temperature ( K ). The equilibrium vapor pressure P part ( atm ) is estimated from the vapor pressure P eq of n -alkane and the molar fraction of n-alkane in paint using Raoults law and assuming a binary mixture
where C alk is the n -alkane concentration ( g/ cm 3 ), M alk is the n -alkane molecular weight ( g/mol ) , C oth is the concentration of the other compounds (g /cm 3 ), M oth is the average molecular weight of the other compounds (g / mol ) and P eq is the approximated n-alkane vapor pressure at 208C. The actual vapor pressure of n-alkane vapors in air is calculated from the air concentration by (Jayjock, 1994 )
where all parameters have been defined above.
The Painting Model
The full model is given by the following equations, where the upper equation describes the concentration in room air C room (g/m 3 ), the second equation the concentration C pl 1 (g/cm 3 ) in, and the third the volume V pl1 (cm 3 ) of the surface layer of paint (layer 1) , the fourth equation describes the concentration C pl 2 (g/cm 3 ) in and the fifth the volume V pl 2 (cm 3 ) of the lower paint layer (layer 2 ).
Room concentration:
Upper paint layer: Lower paint layer:
The last term in paint layer concentration formulas ( 7) and ( 9) reflects the diffusive exchange of n -alkanes between the two layers. The one but last term describes the effect of adding new paint to the layer during painting. When painting ceases, this term disappears from the equation because R paint becomes zero. Equations 8 and 10, describing the volume of the two paint layers, can explicitly be solved. Taking Equation 8 as example, the volume of paint is
Experiment

Method
To test the predictions of the model, a painting experiment was set up. Because the purpose of the experiment is model validation, all model parameters were measured or set beforehand and no parameter fit to the data was attempted.
As summarized in Table 1 , most parameters could be measured. The fraction paint to the upper layer, the exchange rate, and the molecular weight were set with a value derived from expert judgment.
The location was an empty, naturally ventilated office building of rectangular form, with prefab walls and floorcloth. There was one door to the room and the opposite side (11.7 m 2 ) was covered with windows. Just before and just after the painting, the ventilation rate was measured using a single shot of the tracer SF 6 , measured by infrared spectrometry (Miran) . The composition of the paint was measured by solving the paint in CS 2 , sampling the headspace and identification by GC -FID / ECD.
The experiment consisted of painting an area of untreated pine wood. The experiment was repeated with a different painted area. These areas and the amount of paint used are reported in Table 2 . After painting, the room was left and not reentered for 3 days. During the experiment, the windows and door were closed.
Continuous measurements of n -alkanes were done using infrared spectrometry (Miran ), selecting n -octane settings. These settings cause the Miran to measure n -alkanes ranging from n -octane to n-undecane. Concentration were measured as parts per million ( ppm ) . The recordings were logged every 6 s onto a computer attached to the Miran. The measurements commenced before starting to paint in order to measure background concentrations. Then, the area was painted and the room was left. The measurements continued for about 3 days, without accessing the room. The second experiment was done directly after the first, using the same approach. 
Results
The measurements of experiment 1 are displayed in Figure  2 , those of experiment 2 in Figure 3 . Both figures also show the modeled room concentrations recalculated to parts per million using n-decane molecular weight, using the parameters given in Tables 1 and 2 . The match between measured and modeled values is rather good, given that all model parameters were set beforehand. The model predicts the maximum concentration and the time course of the room air concentration well. There are, however, two striking mismatches.
The most striking mismatch is the failure to predict the damped periodic pattern present in the room concentrations, with a period of 24 h. This circadian pattern correlates with the temperature fluctuations during the day. Apparently, the concentration as measured depends on the temperature. Although the model contains temperature -dependent evaporation (Equations 3 and 5 ), it does not incorporate a circadian pattern for the temperature. The model is therefore not expected to exhibit such a periodic pattern.
The second mismatch is in the timing of the first alkane peak in the second experiment. The modeled time course is shifted to the left compared with the experimental one, although the maximum concentration is predicted well. If the position of the maximum concentration is fitted to the experimental data by shifting t end to 200 min after t 0 , the model produces a better prediction ( Figure 4 ) , although the predicted concentrations are 80% lower than the experimental data. Applying the t end to the modeled time course for the first experiment causes the modeled maximum concentration to appear too late.
Discussion
Using preset parameter values, the evaporation model predicts the experimental concentration well, up to a factor of 0.8. Given that the model parameters were not statistically fitted to the data and that three parameters were set by expert judgment, this result is surprisingly good. Strong points of the model are that it appears to predict the maximum concentration and the time course well. However, the model is weak in predicting the timing of the maximum concentration.
The model does not predict the circadian pattern exhibited by the concentration of n-alkanes in the room. From a model point of view this is not surprising, because the model does not contain circadian fluctuating parameters. The circadian pattern in the experiment appears to be correlated with room temperature, having the lowest concentrations and temperatures in the early morning, and the highest concentrations and temperatures in the late afternoon. Explaining the cause of correlation is difficult. On one hand, temperature may act directly on the measuring device and on evaporation and diffusion rates. On the other van Veen et al.
Indoor air exposure to volatile compounds hand, temperature will interfere with other variables, like humidity of air or varying ventilation volumes ( by air pressure differences ), which in turn may affect room concentrations. The model lacks a specific sink for n -alkanes and is expected to overpredict air concentration during and just after painting and to underpredict the air concentrations thereafter (Tichenor et al., 1991; Guo, 1993; Jayjock et al., 1995 ) . The model does act in that way ( Figures 2 and 3 ) , but exhibits only a minor overprediction during the act of painting. The observation that under-and overprediction is not severe indicates that large sinks for n -alkanes were absent during the experiment. In addition, the back pressure approach does contain a sink, the painted surface, because evaporation depends on partial pressure differences between paint and air. Other much used evaporation terms, such as exponential decay ( e.g., Sparks et al., 1991; Clausen et al., 1993 ) , double -exponential or second -order decay ( Guo, 1993 ) model emission characteristics regardless of the room concentration. Their disadvantage is that they do not account for the saturation of room air. However, Jayjock et al. ( 1995 ) show that if significant adsorption to sinks occurs, a back pressure model neglecting these sinks may overestimate the air concentration.
Exposure to volatile organic solvents from paint is still relevant in spite of the appearance of waterborne paints on the market. In the Netherlands, organic-solvent -based paints account for about 77% of the paint used (VVVF, 1996 ) , and waterborne-paint use increases only slightly. The exposure situation modeled and set in the experiment is relevant for indoor use of paints. During the experiment, the ventilation rate was low, somewhat below the air change rate of 0.3 to 7 ACH that is measured in Dutch homes ( Lebret, 1985; van der Wal et al., 1991 ) . The model can be used to extrapolate the experimental situation to a case with a higher ventilation rate. For example, the experiment was done with all windows closed causing a low ventilation rate, but which concentrations would have been reached with windows open? The model can be used to predict these concentrations, by replacing the ventilation rate with windows closed with the rate with windows open, as measured ( Table 1 ) . The model predicts that the room air concentration of n-alkanes will be much lower (Figure 5 ), as expected from the increased ventilation rate.
In addition to modeling evaporation from paint, the model as presented here will be useful to assess exposure to volatile organic compounds evaporating from other fluid media. For instance, we expect the model to hold for volatile compounds in waterborne paints, too. It can then be used to assess exposure to compounds as glycol ethers, which appear on the European Union priority list (EC, 1994 ) .
